The purpose of this paper is to study the pressure drop of an axial flow cyclone separator as a function of inlet velocities using experimental and computational fluid dynamics (CFD) methods. First, the resistance performance of the separator was acquired under ambient pressure and temperature with little change by wind tunnel experiments. Then, numerical simulations were carried out in CFD code Fluent 6.3 under standard operating conditions. A comparison between the experimental and CFD data demonstrates that the CFD method can predict the pressure drop of the axial cyclone separator excellently. Additionally, the results show that the axial flow cyclone separators have a pressure drop coefficient of approximately 7.5. To study the effect of ambient pressure and temperature on pressure drops, the same CFD method was employed to predict the resistance performance under various operating conditions. Then the numerical results were compared with the data of a normalization process method of pressure drops raised in this paper. Their comparison demonstrated that the normalization method had a high precision in predicting the influence of ambient operating parameters on pressure drops of an axial flow cyclone separator.
Introduction
Separation technology has a dominant role in many process industries. Cyclone separators, which were developed in the last decades of 19th century, are devices that employ a centrifugal force generated by a swirling gas flow to separate particles from a carrier gas. Due to the relative simplicity, ease and low construction and operation, low space requirement, absence of moving parts, and adaptability to a wide range of operating conditions, cyclones have been considered the oldest and most commonly used industrial particulate control devices [1] [2] [3] [4] [5] [6] [7] . With the use of suitable materials and methods of construction, cyclones are particularly well suited for high temperature and pressure conditions. Depending on the size of the cyclones, the gas flow across cyclones has a wide range [8] .
Cyclone design has remained largely unchanged for over a century. In general, cyclone designs are of two types: the straight-through cyclone and the more common conventional reverse flow cyclone. The reverse flow cyclone shown in Figure 1 is the most frequently used in the industry [3] .
The cyclone usually consists of both conical and cylindrical parts, which together form the body of the cyclone, the inlet pipe, which is mounted tangentially onto the side wall of the cylindrical part near the top of the cyclone, the separation chamber, the dust chamber, and the vortex finder also called vortex tube, which is fixed on the top of the cyclone and protrudes some distance into the body of the cyclone. The separation process in cyclone separators is caused by centrifugal forces. Rotational gas flow is produced by the tangential inlet. Particles contained in the gas flow are forced radially outward to the wall by centrifugal force due to its swirling motion. The particles move downwards along the cylindrical and conical wall towards the lower part of the cyclone, called the apex, and into the dust outlet, where they are collected. The clean gas leaves the cyclone upwards through the centrally arranged vortex tube.
Collection efficiency, fractional efficiencies, and pressure drop are the main performance characteristics of cyclones. Since its inception over a century ago, many researchers have contributed to the large volume of work to improve the cyclone performance, and extensive experimental work has been done to explain their flow characteristics [9] [10] [11] [12] [13] . Among these, Stairmand presented one of the most popular design guides, which suggested the ratio of the cylinder height and exit tube length of the cyclone body diameter for the design of a high efficiency cyclone, and was called the Stairmand high-efficiency cyclone structure. Zhu and Lee have conducted extensive experiments on cyclones of different heights and different vortex finder lengths and found that these parameters can influence the separation efficiency of cyclones considerably.
With the rapid development of the computer and computational fluid dynamics techniques, the use of numerical simulations to predict the performance of the cyclone has received much attention, and CFD method is at present under intensive development [14, 15] . This can reduce some of the very costly real-life experimental investigations. In fact, there have been a number of investigations into numerical simulations on the fluid flow and particle trajectories in cyclones. One of the first CFD simulations was completed by Boysan, who conducted numerical studies on viscous fluid flow and tracked the particle motion to predict the particle separation efficiency of cyclones [10] . Gimbun et al. used the CFD method to predict and evaluate the effects of temperature on the pressure drop of cyclone separators and compared the results with four empirical models and the experimental data available. Their results demonstrated that the CFD method can be used in cyclone design for any operating conditions [16] . H. Safikhani et al. employed CFD techniques to characterize the performance of three types of standard cyclones. The flow field parameters, such as the velocity and turbulence intensity at different flow rates, were investigated in detail. In addition the pressure drop was computed and compared with the experimental data with good agreement. Much research has been done on the conventional reverse flow cyclone, while little can be found on the straightthrough cyclone, shown in Figure 2 , from the aforementioned literature. The axial flow cyclone separator operates on the same principle as the tangential inlet cyclone, and separation is achieved from the centrifugal force field generated by swirling the material inside the cyclone, but they differ in the manner in which they achieve the swirling action. In the axial flow cyclone, the material enters the cylindrical section centrally, and the swirling motion is formed by the cured vanes. I. K. Kim and J. S. Kim employed numerical and experimental methods to investigate the influence of dimensional modification on the pressure and dust separation efficiency of axial inlet cyclones [17] . Compared to the conventional cyclone, the axial inlet cyclone provides higher throughputs and greater flexibility over the separation process [18] .
The main objective of this study was to analyze the composition of the pressure drop over an axial flow cyclone separator, via experimental and CFD modeling methods. Numerical simulations are presented by the commercial CFD software Fluent 6.3. The effects of ambient pressure and temperature on the cyclone resistance performance are investigated by the numerical method. Then, we establish a universal model for its prediction by employing the measured pressure drops of cyclones to normalize the effects of ambient parameters. A schematic of the axial cyclone studied is shown in Figure 1 . The cyclone dimensions used in this simulation are listed in Table 1 .
Experimental Study
To study the resistance performance of the axial flow cyclone separator by the experimental method, a small-scale wind tunnel test system was constructed, as illustrated schematically in Figure 3 . Air was introduced to the cyclone separator axially by a centrifugal blower. The inlet-air flow rate was measured by a double-torsion-line flowmeter. The flow rate was regulated by changing the speed of the blower by a transducer. To guarantee that the flow was fully developed, flow regulator devices were added before and after the test axial cyclone separators.
The test cyclone is made of plexiglass, as shown in Figure 4 , and its major dimensions are listed in Table 1 . Experiments were conducted under a natural ambient environment by changing the inlet velocities, and the pressure drops were measured by the near-wall static pressure difference before and after the cyclone separator, as shown in Figure 5 , using a digital micro-manometer (TSI Model 8386). To guarantee the accuracy of the results, repeated experiments were conducted under ambient parameters with little change. The detailed operating conditions and results are listed in Tables 2, 3 , and 4. 
CFD Method
With the rapid development of computer and computational fluid dynamics techniques, the CFD method has proven to be a promising tool to investigate the flow field and pressure drop characteristics inside the cyclone. For the complicated turbulent swirling flow, the key to the success of CFD lies with the accurate description of the turbulent behavior of the flow. Fluent is a commercially available CFD code used to carry out coupled or segregated calculations. It is ideally suited for incompressible to mildly compressible flows. To model the swirling turbulent flow in a cyclone separator, there are a number of turbulence models available in Fluent. In this paper, the realizable -model was employed to predict the pressure distribution inside the axial cyclone separator and its resistance performance under various operating conditions.
Governing Equations.
The gas flow through the axial cyclone separator is turbulent in all cases, even though the Reynolds number varies considerably. Based on the Boussinesq hypothesis, the Reynolds-averaged Navier-Stokes equations were solved to predict the continuous phase. Ignoring the mass forces, the equations are described as follows [19] .
Continuous conservation equation:
Momentum conservation equation: Energy conservation equation:
State equation:
where
3.2. Turbulence Model. The two-equation turbulence model, realizable -model, was used to simulate the turbulence transport effects. The transport equations for and in the realizable -model are as follows: 
Computational Grid and Boundary
Conditions. The equations were solved numerically by the finite volume method using the commercial code Fluent 6.3. According to the basic idea of the control volume method, the computational domain was divided into a number of cells. To reflect the realistic boundary of the cyclone separator, a hybrid mesh was adopted for the simulation. The hexahedral and wedge-shaped grids were generated by dividing the whole domain inside the cyclone into several subzones and meshing each zone separately. Figure 6 shows the computational domain, containing about 300,000 CFD cells. At the zone near the wall and vortex finder, the grids are dense, while at the zone away from the wall, the grids are refined. The computational field is extruded to an extent at the inlet and outlet of the separator. Extensive grid refinement tests
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were conducted on the flow field of the cyclone to ensure that the solution was not grid dependent. The presto interpolation scheme for pressure, the SIM-PLEC algorithm for pressure-velocity coupling, and a twoorder upwind interpolation scheme for momentum variables were used to acquire satisfactory results in the cyclones. Due to the difficulty of reaching convergence in simulations, the first-order upwind scheme was applied for an initial result. Numerical simulations were carried out with an accuracy of 10 − 4 for all the scaled residuals. The gas flow was assumed to be at standard temperature and pressure, and the average inlet velocity was specifically changed from 1 m/s to 14 m/s.
The boundary condition at the cyclone inlet was set as the pressure inlet, and the pressure was assumed to be 101325 Pa at different conditions. The pressure outlet boundary condition was used at the exit, and static pressure was set to some value until the average gas velocity at the inlet boundary was needed. At the walls, no-slip boundary condition was applied for the velocity, and a near-wall treatment was achieved by using an enhanced wall treatment. The CFD simulation was performed with a Pentium core (TM) i5 750 2.67 GHz PC with 512 cache-memory, 3 G RAM-memory, and 500 GB hard disc memory.
Results and Discussion

Comparison between CFD Data and Experimental Result.
The experimental results were acquired under different operating conditions, while the CFD data were obtained under a standard ambient pressure and at a temperature of 300 K. To compare the two methods, the standard pressure drop was raised to ensure they were under the same conditions. The pressure drops under an ambient pressure of 101,325 Pa and a temperature of 300 K with a certain inlet velocity were defined as the standard value. The pressure drop under different conditions can be converted to the corresponding standard value by
where Δ is the standard pressure drop under a certain inlet velocity, = 300 K, and = 101325 Pa. Using this transformation method, the experimental data can be compared with the CFD result. The pressure drop comparison between the experiment and CFD data is shown in Figure 7 . From this figure, a very small pressure drop deviation in the CFD numerical calculations is observed, with less than 2% deviation at different inlet velocities. The comparison results show that the results computed in the present study show better agreement with the experimental data for the pressure drop, and the numerical model employed in this paper is suitable for predicting the resistance performance of axial flow cyclone separators.
Usually, the pressure drop of cyclones is proportional to the inlet dynamic pressure and can be presented as follows: where , , and V are the pressure drop coefficient, gas density, and inlet velocity, respectively. It points out that the pressure drop increases with any increase in the inlet velocity. Both the experimental and CFD data display that characteristic. The pressure drop coefficient of the axial flow cyclone separator studied in the paper was approximately 7.5.
Numerical Simulation Results.
To understand the pressure drop of the axial flow cyclone separator in detail, Figures 8 to 11 are the distribution of the static and total pressure contours on several sections with the inlet velocity of 4 m/s. Figures 8 and 9 show the static pressure contours on different sections inside the axial cyclone separators. The static pressure decreased gradually at first and improved slightly along the axial flow direction from the inlet to outlet of the cyclone separators, and the minimum static pressure zone existed behind the swirl vane. The pressure gradient was larger near the swirl vanes and the outlet zones inside cyclones. Figures 10 and 11 show the total pressure contours on different sections inside the axial cyclone separators. We can see clearly that the pressure decreased gradually along the flow direction, and the pressure gradient behind the axial cyclone and near the outlet was larger than at other places. Therefore these two zones significantly contributed to the pressure drop of axial flow cyclone separators.
Effect of Ambient Pressure and Temperature on the Pressure Drop.
To validate the accuracy of (8) and to study the effect of ambient pressure and temperature on the pressure drop of axial flow cyclone separators, the pressure drop under different operating conditions was simulated with the CFD method used above and was predicted by (8) . The partial results are listed in Tables 5 and 6 . The comparison results show that the maximal relative error is no more than 0.5%; hence (8) can be used to predict the pressure drop of the axial cyclone separator with the same inlet velocity under different conditions. Additionally we can see clearly that the pressure drop across the axial flow cyclone separators depended greatly on the operating conditions. With the same inlet velocity, the pressure drop decreased greatly with the increasing of temperature if the ambient pressure is unchangeable, while the pressure drop increased linearly with the increment of ambient pressure when keeping the ambient temperature constant.
Conclusions
In this study, an investigation into the resistance performance of an axial flow cyclone separators was carried out by both experimental and CFD methods. Wind-tunnel experiments were carried out to evaluate the pressure drop of the cyclones as a function of the inlet velocities. Then, the CFD code Fluent 6.3 with the realizable -two-equation turbulence model was employed to predict the resistance performance of the same cyclone separator under standard operating conditions. To make the comparison between the experimental and CFD data, the experimental data was converted to a standard value of the same inlet velocity by a normalization method raised in this paper. Good agreement was obtained between the CFD predictions and the experimental data, with less than 2% deviation. Therefore the CFD simulation is a promising method for predicting the resistance performance of the axial flow cyclone separator studied in this paper. The experimental and CFD data show that the pressure drop can be written as a function of the inlet velocity head. The pressure drop coefficient of the axial flow cyclone separator is approximately 7.5. To study the effect of the ambient pressure and temperature on the pressure drops of an axial cyclone separator, pressure drops under various conditions were attained by the CFD method mentioned above and compared with the predicted value by the standard value formula. The comparison results show that the standard value formula can be used to predict the effect of ambient pressure and temperature on the resistance performance of the axial flow cyclone separators with high precision. : The pressure drop coefficient of cyclone.
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